Cancers frequently arise as a result of an acquired genomic instability and the subsequent clonal evolution of neoplastic cells with variable patterns of genetic aberrations. Thus, the presence and behaviors of distinct clonal populations in each patient's tumor may underlie multiple clinical phenotypes in cancers. We applied DNA content-based flow sorting to identify and isolate the nuclei of clonal populations from tumor biopsies, which was coupled with array CGH and targeted resequencing. The results produced high-definition genomic profiles of clonal populations from 40 pancreatic adenocarcinomas and a set of prostate adenocarcinomas, including serial biopsies from a patient who progressed to androgen-independent metastatic disease. The genomes of clonal populations were found to have patient-specific aberrations of clinical relevance. Furthermore, we identified genomic aberrations specific to therapeutically responsive and resistant clones arising during the evolution of androgen-independent metastatic prostate adenocarcinoma. We also distinguished divergent clonal populations within single biopsies and mapped aberrations in multiple aneuploid populations arising in primary and metastatic pancreatic adenocarcinoma. We propose that our high-definition analyses of the genomes of distinct clonal populations of cancer cells in patients in vivo can help guide diagnoses and tailor approaches to personalized treatment.
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clonal genomics | pancreatic cancer | prostate cancer L arge-scale investigations of cancer genomes are expected to lead to the discovery of common disease elements, including recurring genomic aberrations, that can guide the development of broadly applicable diagnostics and therapeutics (1) (2) (3) . For example, studies of colorectal and breast carcinomas and glioblastoma multiforme (GBM) that surveyed somatic mutations in over 18,000 genes estimated an average of ∼80 gene-specific mutations in each cancer type (3) . Strikingly few highly recurrent mutations were detected; the majority of mutations occur with a prevalence of <5% with little overlap between cancers. These and similar reports challenge the concept of collective cancer genomes (4) (5) (6) (7) . Therefore, there is a need for a unique approach (i.e., not reliant on prevalence-based studies) to identify and interpret sets of selected aberrations and define the clinical dependencies that arise in complex, highly variable carcinoma genomes in patients in vivo.
Cancer genome studies have relied on two main approaches for selecting and preparing patient samples for analyses. The first is to select samples exceeding a threshold for tumor cell content on the basis of histological methods such as evaluation of H&E-stained slides (2) . However, many samples fail these criteria; notably, tumors arising in solid tissues exhibit high degrees of tissue heterogeneity, with varied admixtures of reactive stroma, inflammatory cells, and necrosis in immediate contact with tumor cells. It is well established that biopsies frequently contain multiple clonal populations of neoplastic cells that cannot be distinguished on the basis of morphology alone (8) . Thus, the application of purification methods such as laser capture microdissection does not resolve the complexities of many samples. A second approach is to passage tumor biopsies in tissue culture or in xenografts (4, (9) (10) (11) . These methods apply selective pressures on the complex mixtures of cells and clones present in a patient sample and are time-consuming and labor intensive and are not amenable to rapid deployment in most clinical settings. Consequently, the number of xenografts successfully grown varies from site to site, and the biological complexity and clinical context of the patient sample may not be reflected in the final processed sample.
Flow cytometry-based cell sorters can select, objectively measure, and sort individual particles such as cells or nuclei using desired features objectively defined by fluorescent and lightscattering parameters in a flow stream. Recent advances in this technology provide high-throughput flow rates and the detection of relatively rare events in dilute admixed samples, enabling the application of flow cytometry to in vivo high-definition analyses of human cancers (12) . The combination of flow sorting and genomic analyses has been recently used for the enrichment of pancreas carcinoma cells and to study the clonal composition of primary breast tumors (13, 14) . However, these studies relied on extensive bioinformatic analyses, platform-specific sample preparations, or relatively large amounts of input material to achieve an acceptable signal-to-noise ratio in their genome analyses. To overcome these limitations, we developed a methodology to adapt genomic DNA isolated from cytometrically purified nuclei for use with array comparative genomic hybridization (aCGH) and nextgeneration sequencing. Here we demonstrate the feasibility of this methodology for efficient high-resolution genomic analysis of clonal populations from even minute heavily admixed patient biopsies. We profiled patient samples of primary and metastatic pancreatic adenocarcinomas (PAs), a highly lethal tumor type that is difficult to molecularly characterize at the biopsy level due to complex genomes and heterogeneous cellularity, as cancer cells represent on average only 25% of the cells within the tumor (15) . In contrast to recent studies of PA, we performed wholegenome discovery analyses with distinct clonal populations purified directly from patient biopsies (16, 17) . Furthermore, we ap- plied this approach to analyze distinct clonal tumor populations within clinically annotated prostate cancer specimens and were able to infer their clonal evolution and their mechanisms of therapy resistance. The results from this study demonstrate that our approach can study the clonal diversity and evolution of cancer genomes that arise in patients in vivo and reveal clinically relevant contexts at least in the cancer types profiled in this study.
Results
We used DAPI-based DNA content measures to identify and sort distinct diploid and aneuploid tumor populations from each of 40 PAs and biopsies from patients with varying grades of prostate adenocarcinoma (PC), including a series from one patient who progressed to androgen-independent metastatic disease. Sorted tumor cell populations represented as few as 3% to over 91% of the cellular content in a biopsy. We then profiled each sorted population with aCGH to obtain high-definition clonal profiles of the copy-number aberrations in each tumor genome. Clonality was initially defined by flow cytometric DNA content (differences of ±0.2N) and by the genomic intervals in each sorted population that were defined by the aberration detection algorithm ADM2 (18) . The use of purified flow-sorted populations enabled objective identification and ranking of copynumber aberrations, including homozygous deletions (log 2 ratio ≤ −3.0) and high-level (log 2 ratio ≥1.0) amplifications, regardless of tumor cell content in each biopsy (Figs. 1-5 ). High-scoring aberrations, which likely represent selected events in each sample, were discriminated from background events that typically arise in cancer genomes. The number of ADM2-defined intrachromosomal copy-number aberrations in sorted populations ranged from <5 in multiple genomes to >100 in a 3.8N PC genome ( Fig. S1 A and B). Our ability to assign these aberrations to distinct ploidies within each patient sample provided high-resolution clinically relevant analyses of clonality on the basis of objective measures of distinct tumor populations in vivo.
Clonal Profiling of Patient Samples Unveils Masked Sets of Clinically
Relevant Genomic Aberrations. The high-resolution profiling of purified tumor cell populations unveiled genomic aberrations that would have been obscured by the presence of mixed tumor populations or normal cells in each biopsy of interest. This is highlighted by the detection of distinct homozygous deletions, including those targeting genes regulating different pathways in PA and PC genomes. These included NUMB, DDX10, PARK2, SMAD2, SMAD3, JARID2, PARD3, PARDG6, P2RY5, and MAP2K4 in PA and AIM1, FOXO3A, NEDD9, FEZF1, and PTEN in PC. In each case, the deletion was absent in the patient-matched diploid population, confirming their somatic nature. Significantly, the PA SMAD3 deletion, despite a high tumor cell content (>70% by flow cytometry and H&E) that is widely accepted for genome studies, was not detected in the matched unsorted tumor sample (Fig. S1 C-E) (2). In comparison, amplicons were detected in sorted and bulk sample preparations; however, the height and structural variation within amplicons further delineating regions of maximal selected copy number increase were compressed in unsorted samples (Fig. S2A) . Thus, analyses of whole or histologically purified tumors cannot accurately distinguish the clonal patterns of aberrations present in a patient sample.
Clonal genomic analyses of biopsies from PA patients allowed us to detect clinically relevant genomic aberrations. Examples are summarized in Fig. 1 and in Figs. S1-S3, and S4. In Fig. 1 , the 2.3N aneuploid population from a male PA patient revealed focal genomic amplicons with loss of intervening sequences across chromosome 3. The amplicons found contain the FANCD2 and the PIK3CA genes and thus suggest an acquired resistance to DNA strand-breaking agents and a potential therapeutically relevant dependency on the AKT pathway. A further example ( Fig.  S2 ) of clonal genomic analyses identified a focal 6p21 amplicon in a 3.7N aneuploid tumor population that represented less than 8% of a PA biopsy. This amplicon included the VEGFA gene and the nucleoside transporter gene SLC29A1. These aberrations might point to a vulnerability to anti-angiogenesis agents and to responsiveness to gemcitabine because SLC29A1 can increase intracellular levels of gemcitabine (19, 20) . Clonal analysis of a further PA biopsy (Fig. S3 ) revealed one single clonal tumor population (3.0N) that represented only 3% of the biopsy. Genomic analysis revealed high-level amplicons, including the insulin receptor (INSR) and the thymidylate synthetase (TYMS) genes. These findings might be of potential clinical relevance because INSR can be effectively targeted by different clinical agents and the genomic amplification of TYMS predicts resistance to existing chemotherapeutics like 5-fluorouracil, as recently suggested for colorectal cancer (21) . However, amplified regions typically contain multiple genes and thus additional analyses would be necessary for testing biological hypotheses and providing clinical validation of these events.
The precision of our clonal analyses can advance more accurate clinical diagnoses. For example, a 3.8N tumor population sorted from a patient originally diagnosed with an adrenal cortical carcinoma (ACC) contained a single-copy 21q22.2-q22.3 loss with boundaries at the 3′ end of ERG and the 5′ promoter region of TMPRSS2 genes (Fig. 2) . These boundaries correspond to an interstitial deletion associated with the most common fusion gene in PC (22, 23) . In addition, the same population had a high-level focal amplification of the AR gene (Fig. 2C) . Given that this fusion gene responds to the androgen response elements in the TMPRSS2 promoter region, the concurrent presence of these independent genetic events in the same genome suggested a mechanistic interaction between the activation of ERG and the amplification of the AR gene in this clonal population. The genome of the 3.8N population also had homozygous deletions of PTEN (10q23.31), AIM1 (6q21), and, within exon 8, of TP53 (17p31.1) (Fig. 2 and Fig. S5 ). These lesions suggested a context of activated AKT and concomitant stimulation of AR-dependent transcriptional activation of ERG genes ( Fig. S5C) (24) . In addition, the homozygous deletion in AIM1 advocates a role for this melanoma-associated tumor suppressor gene (25) . Significantly, none of the homozygous deletions nor the interstitial 21q loss were detected in the unsorted sample (Fig. S5D) . Interestingly, both TMPRSS2/ERG rearrangement and AR gene amplification have been reported only in the context of PC (26, 27) . A re-evaluation of diagnostic tumor blocks prompted by our clonal analyses showed that the tumor was positive for prostate-specific antigen and prostatic acid phosphatase. A review of the patient's history revealed a prior (>6 y) localized PC. As a result, the clinical diagnosis was changed from ACC to metastatic PC to the adrenal gland.
Genomic Profiles of Multiple Clonal Populations Within Single Tumors.
We detected more than one aneuploid population in a subset of individual biopsies in each tissue type. For example, two aneuploid populations in a single PA biopsy had distinct ploidies (2.3 and 3.8N) with common genomic aberrations, including two separate breakpoints in chromosome 8q and an amplicon on chromosome 19q13.2 (Fig. S4) . The latter was the most significant aberrant interval in each genome and targets a region that contains a series of cancer-associated genes of interest (e.g., PAK4, AKT2, HIPK4, MAP3K10, RAB4B) to PA. These spatially admixed aneuploid populations represent 19.8% and 17.4% of the total cellular fraction in the sample. In contrast to common aCGH profiles in different ploidies, we also detected genomic aberration changes that occurred in the absence of changes in ploidy. For example, tumor populations in a primary and two metastatic lesions from the same patient each had a 2.8N ploidy (Fig. S6) . However, the diaphragm metastasis had a focal AKT2 amplicon that was absent in the primary and in the liver metastasis.
In comparison with the PA samples, the aCGH analysis of the 2N population sorted from a castration-resistant PC showed evidence of mixed tumor and genomically normal cells in the sample including compressed log 2 ratios (e.g., > −2.0 for CDKN2A) compared with the aneuploid population (< −3.0 for CDKN2A). Therefore, we sorted the 4N fraction of the biopsy (Fig. 3) . The two tumor populations (2 and 2.5N) from this PC biopsy had common aberrations previously described in PC, including aberrations on chromosome 8 and a low-level amplicon on Xq12, which harbors only the AR gene (Fig. 3E and Fig. S7 ). In addition, these two populations shared homozygous deletions targeting the 9p21 CDKN2A and the 7q31 FEZF1 loci that further highlight their clonal relationship and confirmed the tumor purity of the analyzed G 2 /M fraction of the diploid population (Fig. 3D and Fig. S7) . Interestingly, the 9p21 homozygous deletion could not be detected in either population with a commercially available FISH probe (Fig. S7) . This discrepancy can be explained by the small size of the focal deletion (52.8 kb) and the 9p21/p16 FISH probe commonly used in diagnostics that encompasses a region of ∼200 kb (28) . In addition to the shared aberrations, the aneuploid population (2.5N) is characterized by two additional genomic aberrations that were not present in the diploid tumor population: the extension of a homozygous deletion on 10q23 comprising several lipase genes and a deletion on 6p23 affecting only the NEDD9 gene (Fig. 3C and Fig. S7A ). The presence of these unique deletions in a background of shared aberrations strongly suggested that the aneuploid clonal population originated from the 2N tumor population and that these additional homozygous deletions, targeting genes that have not been described in the context of PC, were selected in the evolution of the aneuploid tumor population (Fig. 3B) . Interestingly, the down-regulation of the NEDD9 gene expression was recently described as a component of a lung metastatic sig- nature of breast cancer and hypothesized to be responsible for enhancing migration in breast epithelial cells (29, 30) .
Clonal Evolution and Metastases. Recent studies have found that diverse patient-specific sets of genomic lesions arise in metastatic PA (16, 17) . Therefore, we investigated the evolution of ploidy and genomic copy-number aberrations within clonal populations sorted from PA rapid autopsy samples from distinct anatomical sites. Our analyses revealed highly variable patterns of ploidies and genomic aberrations in each patient studied. For example, we detected common selected aberrations in each sorted tumor population from four anatomical sites, including homozygous deletions targeting CDKN2A and NRG3 (10q23) in a patient with advanced metastatic disease (Fig. 4 and Fig. S8 ). Populations from three of the sites had the same 4.5N ploidy whereas the lung metastases had a 6N ploidy that included a series of unique focal amplicons targeting kinases BLK (8p22-p23.1) and STK35 (20p13). However, the 4.5N population from the liver had a unique 14q21 amplicon and was the only population without the NRG3-specific homozygous deletion. These findings suggest that the 6N lung metastasis evolved from the 4.5N ploidy whereas the liver metastasis evolved at an earlier time point of carcinogenesis. In contrast, the 2N (all four sites) and the 4N (lung) populations from the same sorts were genomically normal by aCGH analyses. (Fig. 5A) . Histomorphological and FISH analysis of the Fig. 4 . Clonal analysis of a PA rapid autopsy. DAPI-based DNA content analyses of the four sites detected a 4.5N clonal population in the pancreas, the liver, and the diaphragm, but not in the lung. The lung metastasis consisted of a 6.0N clonal population. Genomic aberrations found in the distinct aneuploid populations are listed at the right. Aberrations in black are shared by all aneuploid populations, aberrations in red are specific for one organ site, and aberrations in green were found in all populations in addition to the liver. biopsy specimens confirmed the presence of these distinct populations (Fig. 5 B-F) .
Evolution of Clonal Populations in a Single
The clonal populations shared aberrations, including copynumber transitions between ELK4 and SLC45A3 (1q32) and upstream of ETV6 (12p13) (Fig. 5 and Fig. S9 D, E, and L) . These genes are fusion partners in epithelial tumors (31, 32) . The cooccurrence of these aberrations in the original samples and their persistence in each population suggest that they arose as early selected events in the evolution of this PC (Fig. 5A) . The 2007 populations were characterized by amplification of the AR gene, which can render advanced PCs more sensitive to remaining levels of androgen after castration. Strikingly, the diploid populations from 2007 and 2008 showed identical focal Xq12 amplicons, targeting only the AR gene, whereas the 5.7N population had multiple higher-level chromosome X amplicons, including a broad AR amplicon (Fig. S9 A-C) . In each case, the clonally distinct AR amplicons arose after the chromosome 1q and 12p aberrations. This clonal heterogeneity and the presence of focal AR amplicons, barely visible in FISH assays, suggested that the prevalence of AR amplification in castration-resistant PC may be higher than the reported 20-30% (Fig. S9 H-K) (33, 34) .
The remaining androgen-independent diploid population (2008) retained the aberrations present in the previous 2N populations and acquired an intragenic homozygous deletion targeting the FOXO3A (6q21) gene (Fig. 5A and Fig. S9 F and G) . Although the FOXO3A transcription factor has been implicated in regulation of proapoptotic genes in human PC and its interference has been shown to favor androgen-independent growth of PC cells in model systems, in vivo homozygous deletion of FOXO3A has never been demonstrated (35) . To further characterize the diploid 2008 population, we sequenced each of the 8 exons of the AR gene and deep-sequenced a validated set of ∼4,000 exons from ∼500 genes directly or indirectly involved in cancer in the sorted populations from 2007 and 2008. The sequences for each of the genes surveyed, including wild-type AR, were identical in each of the three clonal populations. Thus, our clonal genomic data suggested that loss of FOXO3A rather than mutation of the AR or other cancer-related genes was selected as a result of complete androgen blockage therapy and was permissive for the evolution of advanced cancer in this patient. This report represents a unique in vivo analysis of the clonal evolution of androgenindependent metastatic disease in a PC patient.
Discussion
A fundamental hypothesis in cancer biology is that cancers frequently arise as a result of acquired genomic instability and the evolution of neoplastic populations with variable patterns of random and selected aberrations (8, 36) . Consequently, each patient's cancer may evolve and become dependent on distinct sets of selected aberrations during its clinical history. The genes and cellular pathways deregulated by these selected events represent enriched candidates for developing diagnostic markers and therapeutic targets. However, the cellular heterogeneity of clinical samples and the genetic diversity of cancer genomes limit the translation of genomics for improved patient care. A common approach for identifying clinically relevant cancer genome aberrations is to characterize lesions, including any loss or any gain for each chromosome occurring at rates that are statistically significant in samples of interest (2, (37) (38) (39) (40) (41) . Single-copy losses and gains occur as part of the random events associated with genomic instability present in tumor genomes. Thus, many cancer genome studies determine a statistical threshold based on the background rates of losses and gains for detecting selected copy-number changes. This requires relatively large numbers of patient samples to account for the genomic instability and the patient-specific variations typically present in cancer genomes.
In contrast to single-copy gains and losses, events such as homozygous deletions and focal high-level amplifications typically require multiple independent genomic events and thus can represent biologically selected events in cancer genomes that target known and putative tumor suppressor genes and activated oncogenes. Recent reports have identified somatic mutations of NUMB in breast carcinoma and of PARK2 in GBM, colon, and lung cancers (42, 43) . Thus, our detection of homozygous deletions provides evidence that their tumor suppressor function extends to PA and identifies a series of genes that are selectively disrupted in PA (e.g., SMAD2, SMAD3, JARID2) and PC (e.g., AIM1, NEDD9, FOXO3A). The detection of the complete loss of genomic sequence is highly sensitive to as little as 5% admixtures of nontumor cells in clinical samples (44) . This is consistent with recurring observations that fewer aberrations can be detected in patient samples in vivo than in passaged model systems (4, 9, 45) . However, a limitation in many cancer genome studies is the inability to objectively discriminate single-copy losses from homozygous deletions and to accurately map and determine highlevel amplification in cancer genomes arising in individual patient samples. Thus, copy-number data are typically reduced to reporting frequencies of any loss or any gain for each chromosome in relatively large cohorts of samples. This further limits the translational potential of the genomic study of cancers, including those with variable complex genomes, rare cancers, and biopsies with high admixtures of genomically normal cells and insufficient tumor cell content (38) . Furthermore, histology-based methods cannot readily distinguish whether aberrations in a tumor are present in a single cancer genome or if they are distributed in multiple clonal populations. Consequently, current approaches for the analyses of cancer genomes are limited in their ability to determine the clinical context of each patient's tumor.
The detection and sorting of more than one tumor population in a biopsy and the availability of multiple biopsies from individual patients extends the study of clinical phenotypes and the behaviors of clonal populations in vivo. For example, the aneuploid populations with adverse histological features and multiple selected genomic aberrations, including high-level AR amplification that arose during the clinical history of a patient who developed advanced PC, were uniquely sensitive to therapeutic regimen and were erased after hormone withdrawal (Fig. 5) . The patterns of acquired clonal aberrations suggest that the aneuploid populations arose from diploid progenitors during the evolution of disease. Strikingly, the co-occurring diploid cells acquired a low-level focal AR amplicon after bilateral orchiectomy leading to increased sensitivity to remaining levels of adrenal testosterone, followed by homozygous deletion of FOXO3A in response to androgen blockage, resulting in the evolution of androgenindependent metastatic disease. The distinct AR amplicons present in the diploid and the aneuploid populations that arose during the evolution of androgen-independent metastatic PC would have been obscured in a conventional histologically prepared sample.
Recent reports have shown that clinical phenotypes such as acquired therapeutic resistance and metastases may be mediated by the biological behaviors of distinct cellular populations in individual tumors (46, 47) . However, rather than inferring the presence of preexisting clones, we isolated distinct populations arising during the clinical history of the disease and then profiled their genomes at high definition. The cataloguing of mutations in patient samples provides insights into the genomic basis of disease and the identification of therapeutic targets for personalized medicine. Our clonal analyses identified selected aberrations that would otherwise be obscured by the complexity of clinical samples containing variant clonal populations in each biopsy of interest. Our data suggest that the distribution of somatic lesions, including mutations, in tumors that contain more than one clonal tumor population may have a profound effect on the clinical behavior of human cancers. This information cannot be obtained from conventional genomic profiling studies and is fundamental for the identification of selected aberrations that are essential for the evolution and clinical behaviors of a cancer.
Our current work has focused on DNA content-based sorting strategies. A major advantage of current flow cytometry technology is the ability to apply multiparameter assays that can identify and purify nuclei from both diploid and aneuploid tumor populations on the basis of features such as proliferation, cell specificity, and therapeutic targets (12, 48, 49) . Furthermore, we have validated the use of DAPI-based flow assays with formalin fixed, paraffin embedded (FFPE) samples, providing a rich resource of clinical samples for our clonal analyses of clinical phenotypes.
In summary, we have shown that flow cytometric-based separation followed by precise genomic characterization of sorted tumor (sub)populations provides a deep clonal analysis of the genomic heterogeneity present in human biopsies. We propose that this comprehensive clonal analysis of clinical samples provides insights into the evolution of each patient's tumor and their responses to therapeutic treatment and, in the era of personalized medicine, might also be considered for advancing effective therapeutic decisions.
Materials and Methods
Clinical Samples. PA samples were obtained under a Western Institutional Review Board protocol (20040832) for a National Institutes of Health-funded biospecimens repository (National Cancer Institute P01 Grant CA109552). Participating centers are listed in SI Materials and Methods. PC samples and additional PA samples were obtained with approved consent of the Ethics Committee of Basel (252/08, 302/09). All samples were collected in liquid nitrogen and stored at -80°C. All tumor samples were histopathologically evaluated before analysis.
Flow Cytometry. Biopsies were minced in the presence of NST buffer [146 mM NaCl buffer containing 10 mM Tris-HCl (pH 7.5), 0.2% Nonidet P40] and DAPI according to published protocols (8, 49 ). Nuclei were disaggregated and then filtered through a 40-μm mesh before flow sorting with a Cytopeia Influx cytometer (Becton-Dickinson) with UV excitation and DAPI emission collected at >450 nm. DNA content and cell cycle were analyzed using the software program MultiCycle (Phoenix Flow Systems).
aCGH. DNAs were extracted using Qiagen micro kits. For each hybridization, 100 ng of genomic DNA from each sample and of pooled commercial 46, XX reference (Promega) were amplified using the GenomiPhi amplification kit (GE Healthcare). Subsequently, 1 μg of amplified sample and 1 μg of amplified reference template were digested with DNaseI and then labeled with Cy-5 dUTP and Cy-3 dUTP, respectively, using a BioPrime labeling kit (Invitrogen). All labeling reactions were assessed using a Nanodrop assay before mixing and hybridization to either 244,000 or 400,000 feature CGH arrays (Agilent Technologies).
